Resistance to tributyltin (TBT) was examined in populations from TBT-polluted sediments and nonpoliuted sediments from an estuary and from fresh water as well as in pure cultures isolated from those sediments. The 50% effective concentrations (EC50s) for populations were higher at a TBT-polluted freshwater site than at a site without TBT, suggesting that TBT selected for a TBT-resistant population. In contrast, EC50s were significantly lower for populations from a TBT-contaminated estuarine site than for those from a site without TBT, suggesting that other factors in addition to TBT determine whether populations become resistant. EC50s for populations from TBT-contaminated freshwater sediments were nearly 30 times higher than those for populations from TBT-contaminated estuarine sediments. We defined a TBT-resistant bacterium as one which grows on trypticase soy agar containing 8.4 ,uM TBT, a concentration which prevented the growth of 90% of the culturable bacteria from these sediments. The toxicity of TBT in laboratory media was influenced markedly by the composition of the medium and whether it was liquid or solid. Ten TBT-resistant isolates from estuarine sediments and 19 from freshwater sediments were identified to the genus level. Two isolates, each a BaciUlus sp., may be the first gram-positive bacteria isolated from fresh water in the presence of a high concentration of TBT. There was a high incidence of resistance to heavy metals: metal resistance indices were 0.76 for estuarine isolates and 0.68 for freshwater isolates. These isolates also had a high incidence of antibiotic resistance: antibiotic resistance indices were 0.50 for estuarine isolates and 0.59 for freshwater isolates. Both metal and antibiotic resistances can be plasmid mediated, and 8 of 10 estuarine and 12 of 19 freshwater isolates contained plasmids.
Butyltins are organometallic compounds used as stabilizers in plastics, as wood preservatives, and as antifouling agents (49) . Much of the current interest in organotin toxicology and chemistry has focused on the environmental fate and effects of tributyltin (TBT), a component of antifouling paints which has been widely employed on boat hulls in marine water and on other surfaces which are submerged in water. However, TBT's high toxicity to nontarget organisms led to its regulation in several European countries and the United States (51) .
Although TBT has been regulated, it may still be applied to vessels longer than 25 m, to aluminum-hulled boats, and to water intake pipes and other submerged surfaces. Because of current input and slow degradation, it continues to be found in both marine sediments (26, 33, 52, 53) and freshwater sediments (31) .
Concern about the environmental fate of TBT in coastal waters stimulated research into the biodegradation of TBT in water, sediment, and higher marine organisms. The results of these studies indicate that TBT can be degraded rapidly in the marine water column to dibutyltin and monobutyltin, with a half-life of several days (43) . TBT degradation by photolysis alone proceeds slowly, with a half-life of >89 days (31) , but it can be stimulated in the presence of light when microalgae are present (29) and nutrients are added (34) . TBT is also metabolized by several marine invertebrates and fish that use mixed-function oxygenases (28) .
Most TBT is found in sediments and the surface microlayer (18, 31, 32) . All evidence to date indicates that biodegradation does not contribute significantly to the disappearance of TBT from sediments. In fine-grained marine * Corresponding author.
sediments with TBT concentrations of less than 1 mg liter-' which were incubated aerobically, degradation occurred abiotically but only at the sediment-water interface, with a half-life of 2 to 4 days (43) . Biological and chemical degradation in marine and freshwater sediments appears to be slow, with a half-life of several months (31) , or absent (1) . The half-life of TBT in a New Zealand estuary was estimated as 1.85 years based on measurements in sediment cores (14) . Several wood decay fungi (4, 38) as well as a strain of Pseudomonas aeruginosa (4) were shown to debutylate TBT, yet efforts to isolate from sediments microorganisms which are capable of degrading TBT under aerobic or anaerobic conditions have been unsuccessful in our laboratory and in other laboratories (10, 37) .
Trisubstituted organotin compounds are more toxic than their mono-or disubstituted homologs to macroorganisms and microorganisms (reviewed in reference 13), including bacteria (19, 30) , filamentous fungi (46) , and yeasts (12) . However, Laurence et al. (27) observed that monobutyltin was more effective than dibutyltin in causing leakage of potassium from some yeasts, and Belay et al. (7) found that monosubstituted organotins are more inhibitory than trisubstituted alkyltins to methanogens and sulfate-reducing bacteria.
TBT is a membrane-active compound known to affect the same mechanisms in bacteria as in mitochondria and chloroplasts by acting as an ionophore facilitating halide-hydroxyl exchanges or by interfering with the energy transduction apparatus (reviewed in references 13 and 44 (41) .
Culture media. Estuarine-salts agar was prepared as described previously (21) . Tryptone broth contained 1% (wt/ vol) tryptone and 0.5% (wt/vol) NaCl. The pH was adjusted to 7.2 before media were autoclaved. TBT stock solutions were prepared in methanol and added to autoclaved agarcontaining medium which had cooled to 50°C. TBT b Mean ± standard error; n = 3 for estuarine sites, and n = 2 for freshwater sites. In each column and between columns, different symbols denote statistically significant differences at the P ± 0.05 level, based on Tukey's test (54 Data analysis. Statistical analyses were performed using STATGRAPHICS software. Antibiotic and heavy-metal indices were calculated by using the following formula: index = ylnx, where y is the total number of resistance scores, n is the number of isolates, and x is the number of antibiotics or metals tested (22) . Intermediate antibiotic resistance was scored as sensitive for calculation of antibiotic resistance indices.
RESULTS AND DISCUSSION
Resistance of heterotrophic populations to TBT. Sediments from the Marina Bay Yacht Club site in Boston Harbor contained significantly more TBT than sediments from the Wollaston Beach site (Table 1) . Similarly, the Battery Park Marina site was polluted with TBT, whereas sediments from Old Woman Creek did not have quantifiable levels of TBT. TBT was toxic to natural populations at each site. Based on the EC50 of TBT, which decreased the total viable count by 50%, the presence of TBT at a polluted site in Boston Harbor did not select for a TBT-resistant population when the population was tested by plating it on either of two media (Table 1 ). This argues against the selection of TBT-resistant organisms at certain organotin-affected sites and may be an indication of the general susceptibility of stressed microbial populations in highly polluted environments. In contrast, higher EC50s were observed for a TBT-polluted freshwater site than for a nonpolluted site, and higher EC50s were obtained for populations from the two freshwater sites than for populations from the TBT-polluted estuarine site when TSA was used as plating medium ( (23) . Thus, it is not unusual that the presence of TBT in sediments at a site in Boston Harbor did not select for TBT-resistant organisms while the presence of TBT in freshwater sediments did select for resistant organisms (Table 1). Factors other than the presence of TBT alone undoubtedly influence the selection of strains at a given site. For example, Olson and Thornton (36) found a correlation between cadmium resistance and metal concentration in soil only when organisms were plated on media containing high concentrations of cadmium and when the proportion of resistant organisms was very low.
The plating medium used affected the number of bacteria recovered at the estuarine sites in the absence of TBT and also the apparent toxicity of TBT. The general-purpose medium TSA recovered only 65% of the numbers recovered on a medium designed for the culture of estuarine bacteria (data not shown). EC50s were higher on TSA than on estuarine-salts agar ( Table 1) . Analysis of the results by two-way analysis of variance showed that differences due to the medium were significant at the 0.05 level; an interaction effect between the medium and the sediment site did not occur. Furthermore, the EC50s on estuarine agar for the polluted estuarine site and the unpolluted site differed significantly (Table 1) .
It is difficult to relate the metal concentration used in agar medium to environmental concentrations found in sediments (15) . Moreover, medium-organometal interactions may affect metal toxicities (40 (Table 2 ). The apparent toxicity of TBT was increased for some organisms and decreased for others (Table 2) . In liquid medium, EC50s varied at least 100-fold for estuarine isolates and 1,000-fold for freshwater isolates. On solid medium, values varied nearly 1,000-fold for estuarine isolates and more than 10,000-fold for freshwater isolates. The estuarine isolate Enterobacter sp. strain TBT-4 is unusually resistant to TBT, as is the freshwater isolate Citrobacter sp. strain NOWC-3 ( Table 2 ).
On the basis of our estuanrne and freshwater population data, we determined that at 8.4 ixM, TBT inhibited 90% of culturable bacteria, and we defined a TBT-resistant organism as one which grows on TSA in the presence of 8.4 ,uM TBT. These results extend earlier findings that the presence of solidifying agents can influence the apparent toxicity of tin compounds (21), and they emphasize that one should extrapolate results obtained in the laboratory to the field only with caution. Moreover, metal resistance can be related to the density of microorganisms present (17) , and resistance to high metal concentrations in laboratory media may be of little relevance to the behavior of sparse populations in natural environments. This may be applicable to many inducible resistance mechanisms involving nonspecific production of protective materials whose efficiency depends on population density (17) .
Diversity of TBT-resistant taxa. The 10 TBT-resistant isolates from sites in Boston Harbor included members of four genera ( Table 2 ). The 19 isolates from freshwater sites included members of eight genera, only two of which are the same as those of the estuarine isolates ( Table 2 ). The number of isolates was too small to permit comparisons of taxa associated with freshwater and estuarine areas. All of the estuarine isolates and 17 of the freshwater isolates were gram negative, as expected for aquatic sediments. Gramnegative bacteria may be able to withstand moderate levels of pollution better than gram-positive bacteria (16) , perhaps because of their ability to immobilize metal ions (9) .
The freshwater isolates Bacillus sp. strain NOWC-2 and Bacillus sp. strain MC-24 may be the first gram-positive bacteria to be isolated from the environment in the presence of a high concentration of TBT. We used a surface-plating technique which may have selected against gram-positive organisms. For example, using a pour plate technique, Timoney et al. (50) recovered mainly Bacillus species on plates amended with mercury, with most colonies being subsurface. Others, using a surface-plating method (35) , identified most Hg-resistant organisms as Pseudomonas spp. Both studies examined estuarine water samples. Similarly, when the effects of long-term application of heavy metals on soil communities were evaluated, gram-positive bacteria were completely absent from resistant communities when the surface-plating method was used (3). Hence, our technique may have excluded certain populations.
Except for the three Pseudomonas spp., all TBT-resistant isolates from estuarine sites were members of the family Enterobacteriaceae. Most of the estuarine isolates were from areas which can be affected by sewage effluent. Fecal coliforms can survive in Boston Harbor sediments (45) . Several of our isolates, such as Klebsiella pneumoniae, may be derived from sewage. The presence of Enterobacter spp. at three different locations in Boston Harbor suggests that this genus is particularly capable of developing resistance to TBT. Its dominance is noteworthy, since this genus is not commonly found in marine or estuarine waters. Remarkably, Baya et al. (6) found that, when bacteria isolated from sewage effluent were compared with those from polluted and unpolluted Atlantic Ocean waters, TBT resistance was present only in sewage-derived bacteria. This observation supports our suggestion that exposure to TBT in the estuarine environment does not select for resistant bacteria. It is striking that freshwater-sediment populations were nearly 30 times more resistant, as estimated by EC50, than estuarine populations, at least at the TBT-polluted sites.
As is evident from Table 2 , the most resistant freshwater isolates were obtained from an unpolluted site.
Heavy-metal and antibiotic resistances. No isolate was resistant to mercury, all were resistant to copper, and there was a high incidence of resistance to the remaining metals (Table 3 ). There was a lower incidence of resistance to zinc among freshwater isolates than among estuarine isolates. A heavy-metal resistance index similar to the antibiotic resistance index of Hinton et al. (22) was calculated. The heavymetal resistance indices were 0.76 and 0.68 for estuarine and freshwater isolates, respectively.
All TBT-resistant isolates were resistant to three or more antibiotics, except Bacillus sp. strain MC-24, Proteus sp. strain MC-26, and Proteus sp. strain MC-29, which are freshwater isolates and which showed full resistance to no antibiotic tested (Table 4) . Only Flavobacterium sp. strain OWC-7 was resistant to gentamicin. Antibiotic resistance indices were similar for Boston Harbor (0.50) and freshwater (0.59) isolates. These indices are higher than those usually reported for natural populations, which often give values around 0.2 (24) . Isolates from Boston Harbor were resistant to four to nine antibiotics. Freshwater isolates had multiple resistances ranging from 0 to 10 antibiotics. Pseudomonas putida TBT-6 was resistant to 9 of 14 antibiotics tested. It also displayed very high resistance to TBT (Table 2) . Flavobacterium sp. strain OWC-7 and Pseudomonas sp. strain (8) . Baya et al. (6) found that most TBT-resistant isolates (MIC > 80.5 ,uM) were from sewage effluent, had multiple antibiotic resistances, and also contained plasmids. The involvement of plasmids in the dissemination of bacterial TBT resistance will be important for further applications of TBT for antifouling purposes. The we observed increased EC50s in organisms from polluted freshwater sediments.
We propose that the development of adapted communities in areas contaminated with heavy metals or organometals will depend on site-specific variables, as has been shown for TBT in freshwater and estuarine sediments. It is possible that the mechanism of resistance to TBT differs between freshwater and estuarine communities, as was discovered for mercury resistance (2) .
